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GKMIM51CENESCIMCE  OF  FLft>IES 

I 

C>Followl.Kf  Is  th&  translation  of  an  article 
by  V.  Kondrat'yer  entitled  "Kheailyamtnes* 
tseatsiya  Plaaea”  (&5glish  Tension  above)  in 
pdiaii  (Advances  in  Ghaaistay),  Vol, 

12,  ior  4,  1943,  Moscow,  pages  308«.317.J 

In  contrast  to  themolnBinescence,  th©  sottrce  of  which  is 
the  therffial  energy  ©f  Isolec^lles,  cheadltasinescence  represents  a 
type  of  ®iisslon  whose  esiasion  is  directly  related  to  th©  energy 
given  off  as  a  rssalt  of  lariwis  elementary  ch^sdcal  processes. 

Hone©  chesilnislnoscsnee  is  basically  similar  to  flaorescenc®,  and 
the  iTOtlnoscenc©  of  rarefied  gases  in  an  electric  discharge  appears 
to  b©  a  noasquilibrima  ©sission,  !.©•  an  eeaission  whose  intensity 
is  deterffiinM  by  a  nonwBoltasann  distribution  of  the  energy  of  6X» 
citation. 

At  one  time  there  was  an  inclinatioa  to  ascribe  a  purely 
thenisal  origin  to  the  lusinesoence  of  flames.  However,  with  the 
discovery  of  rarefied  flames  it  was  revealed  that  in  the  case  of  a 
large  nusaber  of  flames  the  emission  proves  to  ba  coK^letely  um’e- 
latsd  to  the  tesperatture  of  the  flame.  All  the  presently  known  data 
pertaining  to  th©  emission  of  flames  l^ds  to  th©  conclvisioa  that 
the  eaission  of  most  flamss  represents  to  a  greater  or  lessar  degree 


pure  chmilxtmiKescence 


The  problem  of  the  nature  of  lumij:i0scence  is  reaolveci  with 
the  aid  of  definite  physical  criteria,  based  on  the  characteristics 
of  chemiluirdnescence  as  a  none!lpli.ibrit«n  emission.  On®  of  the  most 
important  criteria  of  this  type  is  the  criterion  of  absolute  lnten.« 
sity  of  emission.  When  the  absolute  intensity  of  the  emission,  on 
the  one  hand,  and  the  temperature  of  the  flame,  on  the  other  hand, 
are  assured ,  in  a  ntamber  of  cases  it  is  possible  to  ascertain 
through  a  cmj^rison  of  the  measured  intensity  and  that  calculated 
from  a  Boltzmann  distribution  that  the  measured  intensity  exceeds 
the  intensity  of  equilibrium  etiiission  by  many  orders  of  magnitude, 
and  that  this  emissiorj  thus  represents  practical3,y  pure  chemilumin¬ 
escence.  Such  is  the  case,  for  example,  in  the  emission  of  the 
rarefied  flames  of  CO,  Hg,  and  CS^,  which  bum  at  pressures  of  sev¬ 
eral  tens  of  ffiilliiaeters  of  merctiry.  Indeed,  measurements  of  the 
absolute  intensity  of  the  emission  in  the  case  of  the  flame  2C0  + 

Og,  which  bums  at  a  pressure  of  100  mm.  and  has  a  tao^emture  some¬ 
what  exceeding  1000°K.,  show^  that  the  cmcentration  of  excited  mol¬ 
ecules  of  COg  —  the  carriers  of  the  spectrum  of  the  flaae  —  in 

19 

this  case  exceed  the  equilibrium  concentration  by  10  times.  The 
cheittical  origin  of  the  emission  of  rarefied  flames  of  carbon  monox¬ 
ide  is  also  an  e>;planation  for  the  fact  that  the  yield  of  light  in 
this  case  is  practically  ccsnpletely  independent  of  the  teajperature 

O 

of  the  flame. The  possibility  is  not  eliminated  that  the  emission 


\ 

\ 


of  the  normal  flame  of  CO  (p=  1  atm.,  2000®K.)  also  represents  to 

a  significant  degree  chemllxminescence, 

Sactly  the  same  intensity  of  the  bands  of  hydrosiyl  in  the 

spectroaa  of  the  rarefiM  flame  Of  hydrogen  (p=s10  imn. ,  T-IOOO*^) 

1 2 

proves  to  be  a  minimum  of  10  times  greater  than  the  intensity  of 
equilibrium  emission  under  the  conditions  of  this  flaras.'^  Finally, 
measuresients  of  the  absolute  intensity  of  the  emission  of  rarefied, 
flames  of  carbon  disulfide  give  an  intensity  10^'^  ~  10^^  times  in 
excess  of  the  intensity  of  the  equilibrium  emission.^ 

Ho  less  convincing  a  criterion  persaittlng  the  elucidation  of 
the  nature  of  the  emission  of  one  flame  or  another  is  distribu¬ 
tion  of  intensity  in  its  spectrum.  Thus,  for  example,  measurements 
of  the  relative  intensities  of  the  bands  of  hydroxyl  3064  (0*'  O’). 
2875  (1”  2*),  and  2811  (0"  1*)  in  the  spectium  of  the  rarefied  flame 
of  hydrogen  give  the  following  figures:  1:0,105:0.09,  while  in  the 
case  of  a  purely  thermal  nature  of  the  emission  we  should  have  had 

I  1:0.00007:0.002  at  1000®K.  (the  tasperature  of  the  flame)  and 
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1:0.004:0,02  at  2000  K.  Fraa  a  comparison  of  these  numbers  we  see 
that  the  actual  distribution  of  intensity  has  nothing  in  coimnon  with 
a  distribution  calculated  according  to  Boltsmann, 

In  a  number  of  cases  the  nonequHibrium  character  of  the 
emission  is  also  evident  from  the  distribution  of  intensity  among 
rotational  lines  of  the  barxis,  which  leads  to  an  effective  "rota¬ 
tional  temperature"  which  differs  considerably  from  the  traparature 


3 


of  the  flame»  This  is  trtie  for  the  speetrum  of  hj^dro:^!  in  the  ease 

2  <5 

of  rarefied  Games  of  l^drogea  and  aeetylene,  as  ’^11  as  In  the 

case  of  Bunsen  and  acetyieae»a4r  flaiaes.^  In  the  latter  ©ass,  sieas- 
ureaents  of  the  distribution  of  intensity  aaong  the  rotational  lines 
of  the  OH  bai^  3^^  ^  the  spectrua  of  the  inner  cone  of  the  flame 
lead  to  a  "rotatioml  tei^srature"  of  5000  «  6000®K. ,  which  excels 
the  true  tmperatur©  of  the  flame  (2100^K.  —  inner  con©  of  the 
Bunsen  flame  and  2600®K,  —  inner  cons  of  the  acetylene-air  flame) 
by  1^0  to  three  times.  The  same  "rotational  taspejutore"  of  di- 
carbont  Gg,  in  the  spectrum  of  the  inner  cone  of  the  o:^cetylene 
flaa©»  according  to  the  measurements  of  Wolfhard,^  proves  to  be 
equal  to  5160®K*,  whiJLe  the  true  temperature  of  the  cone  in  the  case 
of  this  flame  comprises  3300®K.  Let  us  add  that  the  nonequilibrium 
character  of  iii©  emission  of  Gg  is  also  Indicated  by  the  data  of 
Johnson^  pertaining  to  the  Bunsen  flame;  to  wit,  Johnson  fouiai  that 
th.  dl^trlbatlm  of  ooo)ai.tory  Mior*?  lo  0^  ™>leoolos  deviatoo 
substantially  frcaa  the  Boltzmann  distribution  (the ’bscillatory  t«B»« 
peratura"  of  Gg  measured  by  Johnson  is  equal  to  5000®K.*). 

*¥©  mast  observe  that  in  contrast  to  the  cases  under  consider- 

s 

ation,  the  "rotational  te®q)erature"  of  hydroayl  in  the  oxyhydrogen° 

6 

and  oxyacetylene  flames  proves  to  be  close  to  the  true  temperature 


of  th©  flame,  from  which  it  foGows  that  there  is  an  aquGibrium 
ehaxuct^  of  the  emission  of  lydz^^l  in  the  case  of  these  flames. 


t 


Aoidtbei*  distittgttlaihlfig  eharfteterLstle  of  iioii«tallllarl»n  Mia- 


sioB  is  th«  pfesmm  ©f  ^ 


sjbiilar  to  th©  ©sctingtti!^ 


soat  of  floorosQaaod.  fh©  ©xtiitgiiishiafisit  of  ehsadloaiBsaoooe© 

pGAlns  tk©  ehameteristie  drop  ia  the  of  li|^t  nith  aa  t&> 
em.se  ia  the  iHresaare  ia  the  m<^a  soae,  vtiloh  Is  ebserred  ia 
mnm*  Sadi  a  drop  la  the  Tield  of  light  idth  aa  increase  ia 
t^  pr#sm^  #  ^83^ea  <aa,  in  particmlar,  he  fstahllshed  trm 

the  data  of  OadUety^  idto  sttuUM  ths  Ittaineseeaee  la  the  oxidation 
of  phosphoms  vapors.  Aeeerdlag  to  Onellert,  the  constant  of  eaetiag- 
nishaent  of  the  earrinrs  of  the  Inaiaeseeace  he  observed  is  ecpal  to 
aK."^,  fm  idiieh,  on  the  assn^ion  that  the  average  life- 

O 

time  of  excited  noleonles  is  eipial  to  10  see*,  a  qaite  plausible 
qiuantitj  of  the  order  of  0.1  is  obtained  for  the  probability  of  eac- 
tinguishnent  (ealeulated  m  the  basis  of  one  ooUision). 

fhe  (^iagaidsaent  of  efamilaaineseenee  las  also  deteeted  by 
us  in  Idse  ease  of  the  flaae  of  earbMi  aozundde.^^  FToai  our  data 
the  following  values  are  obtained  for  the  oonstant  of  extingnishaent 
of  excited  aoleoules  of  OO2  by  various  gases  (for  teBQieratures  of 
about  1000®K,): 


gas 

oonstant  of 


COgCOg 


ijO. 


in  bbT*  0.034  0,162  0.28  7,6 


*la.  uoris  devoted  to  the  study  of  the  Influ^e  of  aolsture  on 
the  yield  of  lij^t  in  ths  ease  of  the  flaae  of  CO  (Zh.  m.  Khla. 
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{Joturml  of  Physical  Chasaist^),  331 »  1938)*  we  interpreted  the 


deoraase  in  the  yield  of  light  ■with  4n  increase  in  the  Koistur®  oojv 
tent  of  the  siirttir©  as  an  indication  of  a  change  in  the  cberdcal 
mechanisa  of  the  reaction.  Howerer,  at  this  moment,  as  a  result  of 
newly  performed  esjperimsnts  on  the  influence  of  aoistiire  on  the  rate 
of  coahustlon  of  CO,  ws  are  inclined  to  postulate  an  tndependeriC©  of 
the  rmetion  msohaaism  on  the  moisture  content,  ascribing  the  influ- 
©ac®  of  moisture  on  the  yield  of  light  to  a  simple  extingi\ishment 
of  ehemiluminesoence. 


j  From  these  data  it  follows  that  the  greatest  extJjsguishing 

;  action  is  possessed  Icy  ■»®ter.  Assuming  that  the  probability  of  ex~ 
tinguishaant  in  this  case  is  equal  to  1 ,  w©  fiiid  for  the  sTsrage 
lifetiraa  of  an  excited  molecule  of  CO2  a  quantity  t  =  2*10“^  sec. 

The  uaasua,lly  large  i?alue  of  this  q'oantity  is  in  complete  agreement 

1  1 

■wi.th  the  conclusion  of  Malliken  ttet  the  transition  to  which  the 
emission  of  CO^  under  consideration  is  related  is  a  forbidden  trans¬ 
ition  (apparently 

Family,  w®  have  also  established  the  extinguishment  of  ch®i»  | 

12 

ilumiaescence  In  the  case  of  the  rarefied  flames  of  lydrogea. 

The  drop  in  th®  yield  of  light  with  an  increase  in  the  pressure  of 
the  detonating  mixture  observed  in  this  case  is  sv^ficiently  well 
described  by  the  well-known  constant  of  extinguishment  for  hydroxyl 
(extinguishment  by  water  vapors),  equal  to  10 


1 


Let  us  add  that  in  the  presence  of  mercury  vapors  in  the  zone 
of  combustion  of  CO  we  obsersrad  a  seasltlzatior.  ef  chemilusinsscsnsa 
by  moreury^^  (3ijaii.ar  to  the  sensitization  of  fluorescence)  a 
phenomenon  which  is  also  characteristic  of  nonequilibrium  emission. 
Thus  a  large  ntmber  of  experimental  facts  give  evidence  ttet 
the  esilssion  of  a  number  of  flames  both  rarefied,-  comparatively 


low™teaip@ratur@  flames  and  the  normal  flasies  ■»»  represent  practical 
ly  pure  cheriiiluminescenc®. 

In  contrast  to  all  the  stable  forms  of  luminescence,  the 
mechaniffiu  of  excitation  of  which  can  be  considered  essentially  re«. 
vealed,  the  mechanism  of  excitation  of  chemiluminescence,  i,e,  the 


mechanism  of  conversion  of  chemical  energy  freed  as  a  result  of  var¬ 


ious  elementary  processes  to  energy  of  electronic  excitation  of  the 
corresponding  molecules,  still  seems,  to  a  considerable  degree,  to 
be  an  unresolv«l  problem.  Considering  the  processes  of  excitation 
of  cheailumineseeace  as  a  rotation  of  processes  lying  at  the  basis 
of  the  mechanism  of  ectinguishment  of  fluorescence  (collisions  of 
a  second  type),  it  is  possible  to  postulate  the  following  two  basic 
mechanians  of  excitation. 

A  ausbsr  of  considerations  iiidicate  that  the  extinguishment 
of  fluorescence  is  often  related  to  the  dissociation  of  the  exting¬ 
uishing  molecule.  Such,  in  particular,  is  the  mechanism  of  the  ex¬ 
tinguishment  of  fluorescence  of  mercury  by  hyirogen; 

Hg»(^)  +  H2  Hg(^S)  +  2H. 


The  reverse  of  this  process  is  the  process! 

2H  -I-  Hg  Kg»  4  Hg, 

in  which  the  chesaical  energy  liberated  as  a  yestsli  of  recombination 
of  H  atoss  is  eoavarted  to  energy  of  electronic  excitation  of  the 
Hg  atom.  The  mechanism  of  excitation  of  chemiluminesceace,  which 
is  related  to  tdi©  recmbination  of  various  molecules*  can  be  called 
the  recombination  mschardsa.  Here  it  is  not  essential  that  just 


the  third  ;^irtner  of  the  collision  be  excited  in  the  process  of  re¬ 
combination.  Indeed,  considering  the  process  of  reccmbication  as 
the  reverse  of  the  process  of  induced  predissociation,  for  exae^l© 


the  process: 


X  t  +  M  —>  21  +  M 
2 


(M  is  any  particle) ,  we  should  coiKJlude  that  iji  the  process  of  re- 
combination^  excitation  of  the  newly  formed  saolecule  itself  can  also 
take  place.  The  possibility  is  not  eliminated  that  there  is  just 
such  a  mechanism  of  excitation  ©f  hydrosyl  in  the  combustion  zone, 
where  the  concentration  of  atoms  of  H  and  0  is  sufficiently  great, 
i  There  is  no  doubt  that  the  recombination  mechanism: 

i 

CO  +  0  +  K  COg*  -f  M  or  CO  +  0  COg* 
lies  at  the  basis  of  the  excitatim  of  luminescence  of  the  flame  of 
CO,  A  weighty  argumait  in  favor  of  this  mechanism  is  the  fact  that 
J  uw3er  th©  conditions  of  the  combustion  of  CO  the  process  CO  +  0  = 

I  CO9  is  the  elementary  process  whose  thexiaal  effect  is  closest  to  th© 
I  ensr^T  of  excitation  of  the  CO^  molaciiLee  The  correctness  of  this 


i 

! 


mdchanism  is  also  oonfirmod  by  Investigations  of  the  emission  which 

accompanies  the  low«.tmp®mttir©  oxidation  of  CO  bj  ozoaia^  oaygea 

(see  below). 

k  secoisi  mechanism  of  the  excitation  of  chemilminescence  is 
obtalnM  as  the  reverse  of  the  process  of  ertinguishaent  In  which 
the  excited  molecule  esites^  into  an  exchange  reaction  with  the  ex¬ 
tinguishing  molecule.  Such,  for  ©maple,  is  the  process: 

Hg*  +  Hg  HgH  +  H 

This  mechanism  of  excitation  can  be  called  tha  exchange  mechanism. 

The  exchange  mechanisa  lies  at  the  basis  of  the  excitation  of 

lusdaescence  of  a  large  number  of  flames.  Thus,  according  to 

ik 

Polatsyi  aM  Schay,  the  ecxoitation  of  the  spectrum  of  an  alkali 
metal  (Me)  in  the  zone  of  highly  rarefied  alkali  halide  flames  is 
related  to  the  processes: 

X  +  MOg  MeX*  +  Me 
and  MeX*  +  Me  — »  MeX  +  Me* 

(X  Is  a, halogen  atom).  Here  as  a  result  of  an  exchange  reaction  of 
an  atom  X  with  a  molecule  MS2»  «neigy-rich  (excited)  molecules  MeX 
appear;  they  transfer  their  energy  to  an  atom  of  Me  by  i^ns  of  a 
collision  of  ^e  second  type.  Analogous  to  this  is  the  mechanism 
of  the  excitation  of  ehemilTsminescenee  in  the  reaction  of  halide 
salts  of  mercury  with  alkali  metals,  where  we  have  the  following 
combination  of  processes: 
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HgX  +  Ms  MqX*  +  Hg 

4*  K©  MqX  4-  M®*e 

Oee  ©f  ,th©  ©sseatial  eomiltieiis  detomining  tine  possibilitj 
of  th0  essohaago  meefeasiss  of  excitation  of  chwilimiaeseese©  is  the 
saffieleaey  of  the  thesml  ef feet  of  the  reaction  for  the  excitation 


dltioB  is  fulfilled  tianka  to  the  coamratiTely  low  stebl' 


In  th®  flaaes  of  fcyarocarbons  we  aust  asstM©,  on  the  basis  of 


labile  radical  EGO|  the  ©xeitatioa  of  byiro^yl  can  also  be  re3-a 
ed  to  th©  exchange  reaction  of  this  radical  with  atoiaie  oss^^gen; 

HCO  +  0  CO  +  OH* . 

W®  aight  hav©  been  able  to  attempt  to  easplain  a  ntusber  of 
other  cases  of  excitation  of  chemilmlnese©nc®  (for  exasfil©,  the 
anpearans®  of  the  sioeetra  of  ■ttie  radicals  CH  and  C^.  which  ar®  nor 


tions  of  analogous  labii.e  interffiediate  sobstancesi  however,  our  iiv 
formtion  both  on  th©  substances  of  this  lype  themselves  aM  on 


those 


processes  in  which  they  participate  is  still  in- 


sufficaeat  by  far  for  the  construction  of  ary  welL-grotmdM  mechan-. 
iaa  of  the  excitation  ©f  cheaHuminescence  in  every  concrete  case, 
f ogether  with  direct  excitation  of  th©  carriers  of  the  Ep@c« 
trm.  of  chsffldl-umdnsscQnc©  immediately  in  the  process  of  the  elssesv 


I 

I 


tary  chemical  reaction  itself,  secor4ary  excitation  of  these  carriers 
sbxmM  also  bs  considered  probable,  I#  ha.'«’e  already  had  exeaples  of 
this  tYPB  of  secoj^iaiy  excitetion  ixi  the  tese  of  ixlgMy  rarefied 
flames,  where  th©  energy«rich  njolecules  of  which  appear  as  a 
restdt  of  th©  prisa-iy  exothermic  process  do  not  themselves  appear  to 
be  carriers  of  the  spoctoBi  of  chomilintiinescence.  The  carriers  of 
the  spQctruB  (excited  atoms  of  Me)  here  appear  only  as  a  result  of 
a  secondary  process  (MeX*  +  Me  •->  MeX*  +  Me*).  The  case  mentioned 
above  of  the  sensitization  of  chendliasineseence  by  mercury  can  also 
b©  considered  as  an  example  of  seooixlary  excitation  of  ch®iiluB-dnes- 
cenes,  Th©  corresponding  secondary  process  in  this  case  is  obrions- 
ly  connected  with  a  collision  of  the  secoM  type,  the  participants 
of  which  are  an  excited  molecule  of  00^  aM  an  atom,  of  mercury? 

C0^»  -f  Hg  CO^  +  Hgs. 

I  However,  cases  of  secondary  excitation  of  ch®xiliiaiin©scence 

I 

apparently  rare  enough.  ¥e  arrive  at  this  conclusion  on  th©  basis 
of  the  follot'd.ng  eensiderations.  Th®  carriers  of  the  spectniH.  of 
oheffi3J.um.1jjescence  in  the  oxidation  of  sulfur  and  th®  sulfur-eontsin- 
ing  eer^unds  HgS,  and  COS  are  the  radicals  S^,  OH,  CS,  and  SO, 
whose  energy  of  excitation  cos^rises,  respectively,  90.O,  92,1, 

110,0,  and  111,0  Cal,  If  a  secondary  exciteilon  took  jlac©  in  the 
reaction  zone,  thsn  together  witir  th©  spectra  cf  these  radicals  w® 
should  also  have  expected  the  appmrance  of  intense  spectra  of  the 
SOg  molecules,  which  are  present  in  the  reaction  zone  in  imeasumbly 


11 


large  concentrations  and  possess  an  energy  of  excitation  close  to 
tliat  cited  above  (90,5  Cal,),  Meanwhile  the  bands  of  SO,^  are  cost- 
pletely  absent  in  the  spectra  of  the  flames  specified.  Secondary 
excitation  of  chesailminescence  seems  improbable  to  us  for  the  ad¬ 
ditional  reason  that  a  strong  dispersion  of  'Wie  energy  of  the  en¬ 
ergy-rich  molecules  which  appear  first  must  be  assumed  in  the  com¬ 
bustion  zone  as  a  result  of  their  collisions  with  the  surroundiiig 
molecules.  This  dispersion  is  considerably  worse  under  the  condi¬ 
tions  of  highly  rarefied  flames,  in  the  case  of  which,  for  example, 
an  insignificant  admixture  of  nitrogen  (in  a  quantity  of  several 
tenths  of  a  millimeter)  leads  to  a  sharp  decrease  in  the  yi^d  of 
light. 

In  a  number  of  cases  continuous  spectra  of  chemiluminescence 
are  observed.  Of  course,  some  of  them  prove  upon  more  thorough  in¬ 
vestigation  to  have  a  discrete  line-band  structure.  Such,  in  par¬ 
ticular,  is  the  "continuous”  spectrum  of  the  flame  of  CO,  which 
proved,  upon  tlie  use  of  a  spectral  apparatus  of  sufficiently  high 
resolving  power,  to  consist  in  fact  of  a  large  number  of  closely 
situated  bands. The  visible  spectrum  of  the  hydrogen  flame  also 
exhibits  the  same  quasi-continuous  appearance.  According  to  the 
research  of  Pavlov,  this  spectrum  should  with  a  high  probability 
be  ascribed  to  hydroijyl.  However,  cases  of  chemiluminescence  are 
known  where  the  continuous  character  of  the  spectrum  is  not  open  to 
doubt.  Such,  for  example,  is  the  spectrum  of  chemiluminescence  ob- 
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I 

{ 

^ . . . . . L _ _ _ _ — - - - - - - 

serrsd  by  Polarsyi  arsd  Schay^^  in  the  reaction  of  the  alkali  aetals 

Witt  SrsX^,  Aeoording  to  these  arathers*  ths  continuous  speetram  here  | 

;  is  related  to  the  processi 

2SxiX2  — ^  SnX2  +  SrJ^  +  hv. 

According  to  the  calculations  of  Polanyi  and  Schay,  the  tharml 
effect  of  this  reaction  comprises  approxtma.tely  70  Oal, ,  which  is  | 

in  close  agresmant  with  the  energies  corresponciinj?  to  the  short-  | 

wave  limit  of  the  continuous  spectrum  under  oons?.deration*  | 

I  A  continuous  spectrum  (together  with  the  discrete  spectra)  is 

I  '  I 

I  also  observed  in  the  emission  of  the  flames  of  sulfur  and  sulfur-  j 
j  containing  compounds.  Jhe  short-wave  limit  of  this  spectrum  lies  at  | 

I  about  3000  Z  (95  Cal.).  As  in  the  case  of  the  majoi-ity  of  continu-  I 

5 

ous  spectra,  her©  also  the  act  of  emission  evidently  coincides  with 
an  act  of  chemical  conversion,  a  fact  wMch  is  confirmed  by  the  in¬ 
dependence  of  the  yield  of  light  on  the  pressure  which  we  have  as-  : 

4 

tablish®3.  However,  as  regards  the  concrete  cheeiical  mechanism  of 
the  process  to  which  the  mission  of  the  continuous  spectrom.  is  re¬ 
lated,  in  this  case  we  can  as  yet  construct  only  more  or  less  prob~ 
able  hypotheses,  | 

I 

Let  us  indicate  also  that  cases  of  emission  of  continuous  I 

I 

I 

spectra  upon  direct  recombirsation  of  atoms  or  radicals  are  theoret-  j 
ically  possible.  Such  processes  can  be  oonsiuored  as  the  reverse  I 
I  of  photochessical  dissociation.  We  should  state,  however,  that  the 
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ppobabilily  of  recoablmtion  accompanied  by  emission  is  very  small, 

a  fact  to  which  th©  coB^saratively  small  extent  of  the  continuous 
spectra  of  chmiluaiuescence  should  apparently  be  ascribed.®  As  an 

example  of  a  continuous  spectrum  related  to  ilie  recombination  of 
atoms,  we  can  indicate  the  spectra  observed  in  flames  containing  the 
halogens,  Bj,©se  spectra  are  due  to  the  process j 


X  +  X«  Xg  +  hi? 

(X*  is  a  aetastable  halog®i  atom). 

Thanks  to  th©  low  probability  of  direct  recfflabiisation  of  at¬ 
oms  and  radicals,  the  yield  of  light  in  the  region  of  the  continuous 
spectrum  of  emission  should  be  low  in  coisgsarison  with  the  yields  of 
light  in  the  region  of  the  discrete  spectra.  It  is  possible  that 
th®  fact  that  th®  continuous  ^ectra  of  flames  usually  represent  only 
a  comparatively  w^lc  background  on  which  considerably  more  intense 
bands  (or  lines)  of  the  discrete  spectra®  emerge  should  be  ascribed 


to  this  oircamstanc®. 

As  for  the  absolute 


light  in  general  in  the  case  of 


ch®ail\iminescence,  here  we  can  cite  the  following  figures,  which  are 
the  res^rlt  of  the  measurements  performed  by  us  on  various  flames. 

In  cui*  ©.'Kperiments  the  number  of  quanta  omitted,  related  to  the  num¬ 
ber  of  reacted  molecules,  was  taken  as  the  measure  of  the  yield  of 
light  (i) ,  The  yield  of  light  in  tlte  case  of  the  rarefied  flames  of 
hydrogen  Is  comparatively  small,-^  Her©  one  quanta®  is  emitted  for 
approximately  every  10^  reacted  molecules  of  H2»  Taking  into  con- 


lij- 


sideration  the  extinguishment  of  ch^dluminescence,  we  obt&in  in  this 
case  one  excited  molecule  of  OH  for  ever/  10,000  reacting  molecules 
of  Hg.  The  yield  of  light  in  the  case  of  GO  flames,  which,  as  is 
well  kaotm,  are  among  the  most  actinic  flames,  is  considerably  high¬ 
er,  Here  the  quantity  i  comprises  about  10”^,  i,e, ,  one  quantum 
of  light  is,  Slotted  for  approximately  1000  reacted  molecules 

of  00,  There  is  an  even  higher  yield  of  light  in  the  case  of  the 
•f^ne  of  carbon  disulfide:^  the  maxinium  yield  of  light  measured  by 
us  comprises  here  l/40,  i.e.,  on®  quantum  for  40  reacted  molecules 
of  CSg. 

In  contrast  to  the  cases  considered,  where  the  yield  of  light 

I 

either  practically  does  not  depend  at  all  on  the  t®!^erat‘are  or  de¬ 
pends  very  weakly  on  it  (CSg  +  0^) ,  in  the  case  of  the  reaction  of 
GO  with  osonized  (xsygen  we  have  a  sharp  esponential  increase  in  the 
value  of  i  with  the  temperature  of  the  fiam®;^®  here  at  150°C.  we 
bavB  i  =  lO*'^  and  at  250°C.  i  »  ■§■•10'“^,  which  gives  on®  excited  mol¬ 
ecule  of  COg  for  every  1000  reacting  molecules  of  CO  at  150^0,  and 
on®  excited  siolectLle  for  20  reactis^  molecules  at  250®C. 

The  carriers  of  the  spectra  of  chemiluminescence  appear  in 
the  reaction  zone  as  a  result  of  various  elementasy  chemical  proces¬ 
ses  which  enter  into  tho  cosplex  mschanisis.  of  the  reaction.  Hence 
should 

there^be  a  definite,  well-defined,  connection  between  the  concentra¬ 
tion  of  the  carriers  and  the  rate  of  the  reaction.  The  presence  of 
such  a  connection  is  indicated,  in  particixlar,  by  the  measurements 


J. 


of  the  distrihution  of  the  intensity  of  OH  mission  and  of  the  dis¬ 
tribution  of  reaction  product  H  O  along  the  zone  of  the  station- 

2  j 

ary  rarefied  flame  of  hydrogen,  perfonned  by  Slakov.^*  Frcm  the  I 
data  of  Slakov  it  follows  tlat  the  aaxiBrum  of  the  concentration  of 
excited  l^rosyl  (obtained  while  taking  into  consideration  the  ex¬ 
tinguishment  of  chmil\min@scence)  coincides  with  the  rnaxiimm  of  the 
reaction  late.  This  agreement  of  the  maxiria  of  the  OH  concentration 
and  the  reaction  rate  takes  place  in  the  case  of  mixtixres  of  various 
concentrations  (2H2  +  O2,  H2  +  O2,  and  H2  +  2O2). 

From  the  data  cited  it  follows  that  a  simple  relationship 
shotild  exist  between  the  concentrations  of  the  carriers  of  the  spec- 
trujii  of  chemiluminescence  and  the  rate  of  the  reaction.  It  is  most 
natiiral  to  assume  that  there  is  a  direct  proportionality  between 
the  concenti'atioas  of  the  carriers  and  the  reaction  rate,  an  as- 
sum.pt3.on  which  in  fact  does  find  direct  experimental  confirmation. 

To  wit,  by  measuring  the  relative  intensities  of  the  band  of  hydrox¬ 
yl  30^  in  the  spectrum  of  the  rarefied  flam©  of  acetylene  at  var¬ 
ious  pressures  ard  .compositions  of  the  ccmibustible  mixture,  Avramen-  i 
5 

ko  found  that  for  every  composition  of  the  mixture  there  is  a  I 

linear  dependence  of  the  concentration  of  the  excited  hydroxyl  mol¬ 
ecules  (calcxslated  from  the  measured  intensities  of  the  mission  by 
means  of  a  consideration  of  the  extinguishment  of  chemiluminescence) 
on  the  pressure  in  the  reaction  zone.  On  the  other  hand,  Avramenko 
showed  that  the  reaction  rate  (measured  according  to  the  amount  of 


water  fomed  after  a  defisiite  intergal  of  time)  also  varies  with  the 
pressure  of  the  mixfcwe  according  to  a  Xine?ir  lawi  From  this  it 
follows  tb£it  the  ooncentration  of  excitc4  hydroayl  in  the  soars  of 
combustion  of  acetylene  is  proportional  to  the  reaction  rat©. 

It  is  interesting  to  indicate  that  according  to  the  measure¬ 
ments  of  Avramo^iico  the  concentration  of  imexoited  hydro^l  in  the 
acetylene  flaisie  (measured  according  to  the  absorption  spectrms  of 
hydro^l)  also  proves  to  be  proportional  to  the  reacti-on  rate. 
Introducing  a  purely  forEal  factor  of  excitetion  of  hjniroijyl  P,  the 
eonoentratlonsof  excited  and  unexcited  i^dro^qrl  can  be  related  by 


the  following  ratios 


(OHO  “  F*(0H) 


According  to  th.e  data  of  Avraraenko,  the  qi?antity  F  remains  approxi¬ 
mately  oonsta,rit  in  all  regions  of  st^dy  combustion  of  acetylene 
and  depends  neither  on  the  prassure  nor  on  the  composition  of  the 
combustible  mixture.  This  experimental  fact  is  of  extrssely  vital 
significance.  First  of  all,  it  gives  evidenc©  of  the  constg.ncy  of 
the  chsffiical  mechanism  of  the  reaction  la  the  whole  region  of  steady 
combustion  of  C^H^.  Furthei'more,  it  permits  the  substitution  of 
considerably  simpler  measurements  of  intensities  in  the  srission 
spectrum  for  the  ocmplex  and  often.  Impossible  (in  the  case  of  low 
concentrations  of  OH)  measurements  of  relative  concentrations  of 
hydro:^!.  In  particular,  the  constancy  of  the  quantity  P  perxrats 
the  st\idy  of  th©  distribution  of  hydro^l  in  the  reaction  aone  (ae- 


1? 


cording  to  the  intensity  of  th^  ^ssion),  i.e. ,  the  resolution  of 
e  problem  ^dalch  is  extresiely  important  for  chemical  kinetics  ard 
which,  at  least  in  the  case  of  rarefied  flames,  is  Insoltible  by 
other  methods.  Finally,  as  a  result  of  the  eixperiments  of  Avramenko 
we  have  a  good  basis  for  mking  definite  conclusions  on  the  concen¬ 
tration  of  the  various  intermediate  substances  on  the  basis  of  the 
intensities  of  the  spectra  of  chOTiiluminesoence,  which  has  constant¬ 
ly  been  done  without  any  such  grouisds. 

As  for  the  absolute  magnitude  of  the  factor  of  excitation  of 
hydroxyl,  we  can  evaluate  it  on  the  basis  of  the  following  data  per¬ 
taining  to  the.  rarefied  flame  of  hydrogen,  assuBilng  that  here  also 
there  is  a  proportionality  between  the  concentration  of  the  excited 
hydroxyl  and  the  rate  of  the  reaction  (the  proporticaaality  of  the 
concentration  of  the  excited  hydroxyl  awl  Ihe  reaction  rate  in  this 
case  was  also  experimentally  demonstrated  by  Avramenko).  According 
to  the  measurtoents  of  Ziskin  and  Kondrat’yev,^  the  concentration  of 
excited  hydroxyl  in  the  zone  of  the  irarefled  flame  of  hydrogen, 

which  bums  at  a  pressure  of  about  10  mm.,  corresponds  to  a  partial 

-8 

pressure  of  the  order  of  5*10  m.  According  to  the  same  authors, 
the  concentration  of  unexcited  hydroxyl  in  this  flame  corresponds  to 
a  pressure  of  the  order  of  0.1  bbI.  Froa  this  we  obtain  for  the  fac- 

*7  lii. 

tor  F^5*10"^  —  a  quantity  10  times  larger  than  the  Boltzmann 


function  e' 


(cf.  above). 


fhe  proportionality  of  the  concentration  of  the  carriers  of 
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z'eac^lon  of  oxida.t'lon  of  solfur  moiioxide.^^  The  slouness  of  'this 

reaction  m.y  be  judged  by  th®  long  duration  of  the  Imainesoenc®. 

Thus,  at  50®C.  the  duj^tion  of  th®  lujainescenc®  reaches  30  ssso, 
Ifemometric  investigations  indicate  that  the  reaction  of  osddation  of 
sulfur  monoxide  does  not  cease  vith  the  disappearance  of  vislbl© 
luHiinesceacs.  This  c?^pels  us  to  assume  that  the  excitation  proces¬ 
ses  also  take  place  aftei’  the  disappearance  of  luminesceae©;  however, 

I 

1 

the  concentration  of  excited  particles  in  this  case  is  lower  than  | 
th©  Biinimam  observable  concentration.  Evidently  we  also  have  an 
analogous  situation  in  the  transi-bion  from  th®  cold  flame  of  hydro¬ 
carbons  to  the  reaction  of  slow  oxidation,  which  is  not  accompanied 
by  noticeable  luudnescence.  The  following  fact,  in  particular, 
speaks  in  favor  of  the  hypothesis  expressed  above.  Using  a  biolog¬ 
ical  method  developed  by  Prof.  A.  G.  Gurvich  for  the  recording  of 
emission,  Ziskln  and  Tverskiy  (xmpublished  work)  succeeded  in  de¬ 
tecting  hs'ds'oxs'l  emission  in  the  reaction  of  slow  oxidation  of 
drogen  (pslatm, ,  t®^500*^C»)»  The  intensity  of  the  OTiission  in  this 
j  case  lies  at  the  ttireshold  of  the  sensi’bivity  of  the  usual  proto¬ 
graphic  method.  The  observed  hydroxyl  emission  in  th©  slow  oxida¬ 
tion  of  ^?drogen  is  a  direct  indication  of  the  presence  of  processes 
of  excitation  under  the  conditions  of  a  slxm  reaction  as  weU. 

Investigations  of  chemiltiminescence  do  not  have  independent 
value.  The  basic  task  of  these  investigations  consists  of  revealing 
th©  intemediate  substances  aM  the  individtial  elementary  processes, 


20 
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i.e.,  in  the  end  result  —  the  establishaent  of  the  chemical  mechan¬ 
ism  of  the  reacti-Or^.  Very  little  has  as  yet  been  done  in  this  di¬ 
rection;  howsYer,  in  a  number  of  cases  investigations  of  ohesiluiu- 
inescence  played  a  definite  positive  role.  Here  we  shou].d  in¬ 
dicate  first  of  all  highly  rarefied  flames,  for  the  establishment 
of  the  mechanism  of  which  investigations  of  chemiluminescence  have 
been  of  decisive  significance,  Porthensore,  these  investigations 
have  led  to  the  discovery  of  a  great  nuBiber  of  labile  intermediate 
substances,  without  a  knowledge  of  which  the  construction  of  a  chem>- 
ical  mechanism  of  the  reaction  would  be  inconceivable.  Let  us  iiv 
dicate,  for  example,  igrdro^Qrl  and  atomic  oxygen,  whose  presence  in 
the  zone  of  combustion  of  CO  and  definite  role  in  the  mechanism  of 
the  ruction  follovr  directly  from  the  spectra  of  chasiluminescence 
of  the  CO  flame.  Investigations  of  the  luminescence  of  the  flames 
of  CO  and  have  also  permitted  the  establishment  of  the  predominat- 
role  of  the  surface  reaction  close  to  the  lower  limit  of  ignition  of 
these  gases,  vdoich  indicates  that  the  generation  of  the  reaction 
takes  place  on  the  surface  of  the  ruction  vessel.  Let  us  indicate 
also  that  jjivestigations  of  chemilxaninescence  in  the  case  of  the 
oxidation  of  CO  by  ozonized  oxygen  have  permitted  the  fonjmlation 
of  the  chemi(^l  mechanism  of  this  reaction.  We  hope  that  further, 
particularly  quantitative,  investigations  of  chemiluminescence  vrill 
play  a  large  role  in  the  resolution  of  the  basic  problem  of  ehemical 
kinetics  —  the  problem  of  constructing  a  chemical  mechanism  for  the 
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most  important  gas  reactions « 


Characteristic  of  chemilyiaiiaescsnce  as  noneciuilibrium  esaia- 

I  sioa  are  a  njaaber  of  indications,  accordii^  to  which  the  chemical 

I 

I  crigjji  of  the  esxissioii  can  be  established  in  each  individusl  case. 
The  basic  physical  criteria  of  luminescence  are  the  following:  an 
excess  of  absolute  intensity  of  esmission  orer  intense  themal  ei2is~ 
Sion,  a  nott-Boltzaaann  distribution  of  the  intensity  in  the  sp^truta 
of  Iximinescence,  and  the  presence  of  extinguishment  of  lumineseance. 
The  study  of  raref5.sd,  ccaspamtiYely  low-temperatiire  flames  practi¬ 
cally  without  exception,  as  well  as  of  a  number  of  nomal  flames, 
is  based  on  these  criteria  of  chemiluminescence. 

The  Kiechanisra  of  the  excitation  of  cheitii3.uiiiiue3cenoe,  i.e., 
the  mecha.nisK  of  the  eoaversion  of  ch^dcal  energy  into  energy  of 

I 

I  electroaio  excitation  of  the  carriers  of  the  spectra  of  cherailxani- 

I  nescence,  can  be  obtained  as  the  reverse  of  processes  of  extinguish- 

I  ment  of  fluorescence.  Two  basic  concepts  of  the  mechanism  of  ex- 

j  citation  of  cheMluminescenc©  are:  ttie  recombination  mechanism,  oon- 
sistit^  of  the  excitation  of  the  carrier  as  a  result  of  the  recom¬ 
bination  of  fx’ee  atoms  or  radicals,  and  the  exchange  mechanism,  re¬ 
lated  to  the  exchange  chamical  reaction.  In  various  luminescent  re¬ 
actions  one  mechani.sffl  or  the  other  is  realised.  In  most  cases  pri¬ 
mary  excitation  of  luminescence,  i.e,,  excitation  directly  in 
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the  process  of  the  ^esaentary  reaction  itself,  pred<aaii5ates»  Pro¬ 
cesses  of  ezeitetion  take  place  both  in  the  case  ©f  rapid  (flames) 
and  in  slow  reactions.  The  fact  that  laminescencs  in  tbs  case  of 
cejrtain  slow  reactions  is  not  obsearved  is  due  to  the  low  eoncentra- 
tioa  of  the  carriers® 

The  chSKical  origin  of  cheaailujsinescence  is  Manifested  in 
the  presence  of  a  direct  relationship  of  the  concentration  of  the 
carriers  of  the  spectrum  of  Chemiluminescence  and  the  rat©  of  the 
reaction.  In  indiTldual  cases  lixe  concentration  of  the  carriers 
proves  to  b®  proportional  to  the  reaction  rat®.  The  independence  of 
the  proportionality  factor  on  various  other  factors  (pressure,  tem¬ 
perature,  coj^sition  of  the  mixture,  impurities)  appears  to  be  a 
criterion  for  the  invariability  of  the  reaction  mechanism. 

Investigations  of  chemiluminescence  are  essential  for  the 
construction  of  the  chemical  mechanism  of  the  reaction. 
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